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Abstract

Stocking density is widely recognized as a critical factor in aquaculture and a potential source of long-term stress.
The influence of stocking density on growth and stress response of juvenile turbot (Scophthalmus maximus, ~3–75
g, initial to final weight) was examined in fish held under low (LD, ~0.21–5.31 kg/m2,  initial to final density),
medium  (MD,  ~0.42–10.81  kg/m2)  and  high  stocking  density  (HD,  ~0.63–14.27  kg/m2)  for  120  days  in  a
recirculating aquaculture system (RAS). In this trial, the growth curve for weight of juvenile turbot in RAS, all fitted
by the Schnute model. No significant difference was found in growth performance among the three densities until
at  the  final  sampling  (Day  120).  The  final  weight  and  body  weight  increase  (BWI)  in  the  HD  group  were
significantly lower than in other groups (P<0.05, weight: (75.83±2.49) g, (75.39±2.08) g, (65.72±2.86) g and BWI:
(2 436.12±28.10)%, (2 421.29±4.64)%, (2 097.88±20.99)% in LD, MD and HD groups, respectively). Similarly, the
specific  growth rate  (SGR),  feed conversion ratio  (FCR) and coefficient  of  variation for  weight  (CVw)  were
adversely affected by high stocking density (P<0.05). However, there was no difference in survival and Fulton’s
condition factor (K) of turbot among the different groups. Physiological analyses demonstrated a clear increase in
the plasma cortisol level and an obvious decrease in growth hormone (GH) concentration in the HD group on Day
120 (P<0.05). There was no significant effect of stocking density on plasma glucose, Cl– and protein levels. All
these findings would provide a reference for selecting the optimal stocking density of juvenile turbot in RAS.
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1  Introduction
In the last decade, aquaculture based on industrial rearing

systems together with intensive fish farming has become the fo-
cus of interest. In intensive aquaculture systems, stocking dens-
ity is an important factor that governs productivity (Riche et al.,
2013) because it is often found to influence growth, survival, wa-
ter quality, fish welfare and health (Yi and Lin, 2001; Bolasina et
al., 2006; Salas-Leiton et al., 2010; Biswas et al., 2013). High stock-
ing density may induce chronic stress associated with deteriora-
tion in water quality or adverse social interactions, and this can
result in negative biochemical changes (Montero et al., 1999;
Bolasina et al., 2006). This can affect the rate and efficiency of
feeding and digestion, and subsequently growth (Rowland et al.,
2006).

Turbot (Scophthalmus maximus) is farmed in Europe and
China, and in commercial operations, 100 g turbot can be reared

at a density of 25 kg/m2, whereas stocking densities generally
range from 30 kg/m2 to 40 kg/m2 for larger fish (Aksungur et al.,
2007; Baer et al., 2011). However, this management strategy ig-
nores the possible negative impact of high densities on fish
growth.

Recirculating aquaculture system (RAS) is an important mod-
el in global aquaculture industry, given its cost-effective, environ-
ment-friendly and product safety features as well as easy regula-
tion of water quality (d’Orbcastel et al., 2009). Land-based RAS
farming has been developed on an industrial scale by overcom-
ing the technical challenges. It is used in fish farming, including
sea bass (Dicentrarchus labrax) (Deviller et al., 2005), cobia
(Rachycentron canadum) (Resley et al., 2006), rainbow trout (On-
corhynchus mykiss) (Mansfield et al., 2010) and Atlantic salmon
(Salmo salar) (Burr et al., 2012). The relationships between stock-
ing density and growth performance, metabolism, immunity and  
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well-being of these fish were reported in RAS (Heinen et al., 1996;
Sammouth et al., 2009; Liu et al., 2014). However, in turbot, few
studies have focused on the effects caused by stocking density in
a common commercial model of RAS. Lab-scale studies evaluat-
ing the impact of stocking density on growth performance might
not easily scale up to the larger commercial environment. There-
fore, in this study, we evaluated the effects of stocking density on
the growth and stress physiology of juvenile turbot under pro-
duction conditions using the common commercial model of RAS.
These results enhance the management of RAS-cultured turbot
in determining the optimal stocking density.

2  Materials and methods

2.1  Experimental facilities
The study was conducted in a commercial land-based RAS at

Shandong Oriental Ocean Sci-Tech Co., Ltd (Shandong, China).
The RAS consisted of ten octagonal tanks, ten whirl-separators, a
filter screen, a foam-separation unit, a bio-filter section consist-
ing of four separate bio-filters in parallel (each 35 m3), a UV ster-
ilizer, and a DO regulating tank (Fig. 1). Each rearing tank (30 m2

and 1.1 m in depth) was equipped with a mixture of water super-
saturated with oxygen from an oxygen cone. The oxygen content
and water level (0.5–0.55 m in depth) in the fish tanks were mon-
itored via the RAS computer. The volume of the whirl-separator
was approximately 300 L, which was adequate to collect most of
the feces. Water (16–18°C) was pumped from a depth of 20 m in
the Laizhou Bay of China, mechanically filtered by two sand fil-
ters (5 μm filtration) and UV-sterilized before entering the RAS
units. Water flows through standpipes covered with 2.0 cm
screen to rearing tank were about 16 m³/h, and no more than
10% volume of water in the system was displaced with fresh sea-
water every day during culture. The temperature in each tank
varied slightly throughout the day, but in all cases was main-
tained at (18±1)°C throughout the trial. The photoperiod was
maintained at 12 h light/12 h dark using fluorescent light banks.
Further, the nitrification function in bio-filters was already estab-
lished in the RAS prior to trial.

2.2  Experimental design and management
Turbot were obtained from this facility and reared in the RAS

for 15 d to acclimatize to the experimental conditions. The fish
(average individual weight (2.99±0.21) g) were reared under three
stocking densities: low, 2 200 fish per tank ((0.21±0.01) kg/m2);
medium, 4 400 fish per tank ((0.42±0.02) kg/m2); and high, 6 600
fish per tank ((0.63±0.05) kg/m2), and tested in triplicate. In total,

39 600 fish were investigated in nine rearing tanks of a commer-
cial land-based RAS (the tenth tank is empty) and cultured un-
der experimental conditions for 120 days. No differences in mean
initial weight and coefficient of variation (CV) in initial weight
were found among the three densities. The turbot were fed a
commercial-pellet diet (Ningbo Tech-Bank Co., Ltd, Zhejiang
China), which contained 52% crude protein, 12% crude lipids,
16.0% crude ash, 3.0% crude fiber, 12% water, 5% Ca, 0.5% P, ≥
2.3% lysine, and ≤3.8% sodium chloride. The fish were fed at ra-
tion of approximately 2.5% of the tank biomass which divided in-
to four meals daily by hand (06:30, 11:30, 16:30 and 21:30). The
feed rations were adjusted based on feeding behavior, weight as
well as the practical production experience. The ration of 2.5%
was chosen because it was close to satiation, allowed an optim-
um growth and no excess feed appeared on the bottom of the
tanks. Fish were not fed on the sampling day to minimize hand-
ling stress.

2.3  Water quality monitoring
Temperature, dissolved oxygen (DO), pH, and salinity were

measured daily using a YSI-556 (YSI Incorporated, Yellow
Springs, Ohio, USA). Orthophosphates (PO4-P), total ammonium
nitrogen (TAN), nitrite-nitrogen (NO2-N), and chemical oxygen
demand (COD) were analyzed using a standard method (Chen,
2006) every ten days.

2.4  Growth parameters and survival
Dead fish in all tanks were recorded daily to evaluate the sur-

vival rate over the entire study period. Fish growth was evaluated
biometrically every 9 d, by randomly measuring the individual
weight and standard length of 200–400 fish in each tank (Garcia
et al., 2013), to calculate stocking density, specific growth rate
(SGR), feed conversion ratio (FCR), Fulton’s condition factor (K),
coefficient of variation for weight (CVw), and percentage of
covered area (PCA). At the end of this trial, the final body weight
increase (BWI) were also calculated. These growth parameters
were calculated as follows:
Survival=100×final number of fish/initial number of fish;
BWI=100×(final weight–initial weight)/initial weight;
SGR=100×(ln(final weight)–ln(initial weight))/number of days;
FCR=food consumed/biomass increment;
K=100×weight/length3;
CVw=100×weight standard deviation/mean weight;
Stocking density=(N×Wt)/A;
PCA=N×(Af/A)×100;
Af (m2)=(102.5×weight+3 595.0)×10–6, when weight is Less than

 

Fig. 1.   Schematic diagram of experimental land-based RAS. Water flows from rearing tanks-whirl-separator (30% flows)-filter screen-
sump-pump-foam-separation-biofilter-UV sterilizer-oxygen reactor-rearing tanks.
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100 g (Irwin et al., 1999);
where N is number of individuals, Wt is average weight (g) at
sampling day, A is the bottom area of the fish tank, and Af is the
area of the fish body.

2.5  Fish sampling and biochemical assays
The fish were starved for 24 h before sampling for biochemic-

al parameters on Days 30, 60, 90 and 120. Twenty fish were ran-
domly netted from each tank, immediately anesthetized in 0.05%
tricaine methane sulfonate (MS-222, Sigma Diagnostics INS, St.
Louis, MO, USA). Blood samples were obtained from the caudal
vein using heparinized syringes. The plasma was separated by
centrifugation (5 000 r/min, 4°C, 15 min) and stored at –80°C for
analysis of cortisol, growth hormone (GH), glucose, chloride ion
(Cl–) and protein. Plasma cortisol was determined using radioim-
munoassay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) available on market as previously described
methods (Liu et al., 2015). Plasma GH (μg/L) were measured us-
ing a commercially available ELISA kit (Mlbio, Shanghai, China)
as previously described by Drennon et al. (2003). Plasma glucose
and chloride (mmol/L) were analyzed using an i-STAT Portable
Clinical Analyzer (Abbott Inc, Illinois, USA) with EC8+ dispos-
able cartridges (Abbott Laboratories, Illinois, USA). Protein con-
centrations in plasma was determined by the Bradford method
(Bradford, 1976), using bovine serum albumin as a standard; fi-
nal number of fish=initial number of fish–dead fish (not include
the loss in sampling).

2.6  Statistical analysis
The differences among the different groups were analyzed us-

ing one-way analysis of variance (ANOVA) and P<0.05 was taken
as statistically significant. All experimental treatments of growth
performance, and plasma parameters were performed in triplic-

ate. Data were expressed as mean±SD. Linear regression was
used to analyze the possible effects of stocking density on SGR. A
third degree polynomial was used to compare the density and
FCR (Björnsson et al., 2012). All statistical analyses were carried
out using SPSS Version 18.0 software (SPSS Inc, Chicago, IL,
USA).

3  Results

3.1  Water quality
During the course of experiment, the water temperature, DO,

pH and salinity were maintained at (18±1)°C, (8±1) mg/L,
7.9±0.3, and 27.3±1, respectively, in all tanks. There were no sig-
nificant differences among the three stocking densities in NO2-N
and PO4-P levels (Fig. 2). Between Days 0 and 120, the TAN con-
centration showed an increasing trend, with no differences
among the three stocking densities before Day 100, while it was
significantly higher in the HD group than in the LD group at and
after Day 100 (P<0.05, Fig. 2). For the period including Days 0 to
110, the variation in COD concentration was similar in all tanks,
however, a significant increase occurred in HD group on Day 120
compared with the LD group (P<0.05, Fig. 2).

3.2  Growth performance
During the experiment, no disease outbreak or other signs of

disease were observed. Survival was extremely high (>99.5%) in
all treatments with no significant differences (Tables 1 and 2).
The stocking density and PCA increased gradually with culture
time (Figs 3a and b). The final densities (Day 120) were, respect-
ively, (5.31±0.48), (10.81±1.04) and (14.27±1.21) kg/m2 for LD,
MD and HD. The final proportion of the tank bottom covered by
turbot (PCA) in the LD, MD and HD were (82.81±0.65)%,
(165.49±0.12)% and (226.18±1.71)%, respectively. There were no

 

Fig. 2.   Key water quality parameters in RAS. Data are presented as mean±SD (n=3 duplication of each density group). A different
letter at the same sampling time indicates significant differences among the three stocking densities (LD represents low density, MD
medium density and HD high density; P<0.05).
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significant differences in individual weight and standard length
associated with treatments from Day 0 to Day 110, while both the
parameters in LD and MD were obviously higher than in HD on
Day 120 (P<0.05, Figs 3c and d). At the end of the trial, signific-
antly lower SGR and significantly higher FCR were observed in
HD compared with LD and MD (P<0.05, Table 2). In the study,
the Fulton’s condition factor (K) did not differ.

The CVw was not significantly different among the three dens-
ity groups until the final Day 120 when the CVw of the HD group
was clearly larger than in the MD and LD groups (P<0.05, Fig. 4).

In the four growth periods, a significant negative correlation
between stocking density and SGR was observed (Fig. 5a), al-
though only 69.50% of the variation was explained by the correla-
tion (R2=0.695, N=36, P<0.01). There was only a minor increase in
FCR with density increasing from 0.5 to 11 kg/m2 but a growing
increase from 10 to 14 kg/m2 (Fig. 5b). In addition, we also found
the growth curve for weight-for-age data for juvenile turbot
reared at three different densities in RAS, fitted by the Schnute
model (Fig. 6).

3.3  Physiological parameters
The physiological parameters between the treatment densit-

ies at different time points in the experiment are listed in Table 3.

Post-hoc analysis demonstrated a higher level of plasma cortisol
under HD treatment compared with LD treatment on Day 120.
Conversely, the plasma GH concentration in HD and MD treat-
ment was evidently lower than in LD treatment. In addition, the
plasma glucose, Cl– and protein levels did not vary between
groups during the rearing experiment.

4  Discussion
In the RAS, water quality was maintained at safe levels recom-

mended for turbot, with the outlet O2 concentration always above
6 mg/L, TAN concentration lower than 0.25 mg/L, and NO2

–-N
concentration under 0.4 mg/L (Poxton and Allouse, 1987; Skøtt
Rasmussen and Korsgaard, 1996; Person-Le Ruyet et al., 1997;
Aubin et al., 2006). Although the values of TAN and COD were
significantly higher in HD than in LD between Days 100 and 120
of the trial, the variations did not affect turbot negatively (Aubin
et al., 2006; Song et al., 2012).

In the present study, the survival was excellent and was not
significantly affected by stocking density. Although many studies
reported an inverse correlation between survival and density (Yi
and Lin, 2001; Hitzfelder et al., 2006; Rowland et al., 2006), a few
studies fail to report any significant effect of density on survival in
teleosts (Webb et al., 2007; Laiz-Carrión et al., 2012; Riche et al.,

Table 1.   Initial weight, final weight, initial density and final density, initial percentage of covered area (PCA), final body weight
increase (BWI) and survival of turbot reared in different stocking densities

Variable
Density treatment

2 200 fish per tank (LD) 4 400 fish per tank (MD) 6 600 fish per tank (HD)

Initial weight/g 2.99±0.16 2.99±0.16 2.99±0.26

Final weight/g 75.83±2.49a  75.39±2.08a  65.72±2.86b 

Initial density/kg·m–2 0.21±0.01 0.42±0.02 0.63±0.05

Final density/kg·m–2 5.31±0.48 10.81±1.04   14.27±1.21  

Initial PCA/% 28.61±1.42   57.22±1.43   85.83±2.44  

Final PCA/% 82.81±0.65   165.49±0.12     226.18±1.71    

Final BWI/% 2 436.12±28.10a     2 421.29±4.64a       2 097.88±20.99b    
Final survival/% 99.33±0.03   99.66±0.08   99.52±0.13  

          Note: Values are expressed as mean±SD in triplicate (n=3 duplication of each density group). For each row, data with different letters as
superscripts are significantly different (P<0.05).

Table 2.   Survival, Fulton condition factor (K), special growth rate (SGR) and feed conversion ratio (FCR) and of juvenile turbot in 120-
d old cultures at different stocking densities in RAS

Time/d LD MD HD
Survival/% 30 99.8±1.79 99.9±1.69 99.8±1.02

60 99.7±1.08 99.8±1.03 99.8±1.08

90 99.6±1.16 99.7±1.86 99.6±2.13

120 99.5±2.19 99.6±2.98 99.6±3.76
K 0 3.03±0.11 3.02±0.12 3.04±0.15

30 3.30±0.10 3.39±0.14 3.43±0.18

60 3.76±0.21 3.72±0.11 3.81±0.12

90 3.39±0.10 3.28±0.12 3.27±0.11

120 3.63±0.08 3.58±0.07 3.52±0.10
SGR in each growth
period/%·d–1

Period 1/Days 0–30 3.23±0.07 3.13±0.07 3.10±0.02

Period 2/Days 31–60 3.20±0.06 3.19±0.05 3.15±0.02

Period 3/Days 61–90 2.01±0.08 2.08±0.03 1.95±0.13

Period 4/Days 91–120   2.35±0.11a   2.35±0.07a   2.09±0.04b

FCR in each growth period Period 1/Days 0–30   0. 64±0.024   0.62±0.039   0.64±0.012

Period 2/Days 31–60   0.70±0.019   0.73±0.005   0.76±0.033

Period 3/Days 61–90   0.76±0.025   0.75±0.070   0.75±0.024

Period 4/Days 91–120     0.82±0.008a     0.81±0.011a     1.06±0.065b

          Note: Values are expressed as mean±SD in triplicate (n=3 duplication of each density group). For each row, means on the same day
denoted with different letters as superscripts are significantly different (P<0.05).
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2013). Stocking density affected the growth in fish, but the correl-

ation between the two parameters may not be uniformly linear

positively or negatively in a given species (Irwin et al., 1999).

Studies with cobia (Rachycentron canadum) demonstrated a dir-

ect inverse relationship between growth and density (Webb et al.,

2007). However, conflicting results showed an increased growth

rate under high density in juvenile silver perch (Bidyanus bidy-
anus) (Rowland et al., 2006). In the current study, stocking dens-
ity affected the values of individual weight and standard length,
SGR and BWI at the end of the trial in RAS, suggesting that when
stocking densities increased to a certain level (e.g., exceed to
14.27 kg/m2) could negatively affected the growth performance of
flatfish populations (Irwin et al., 1999; Sánchez et al., 2013). The
FCR was remarkably stable and low during the first three months
at all three densities, but it increased rapidly in the high-density
group during the final growth period. Similar findings were re-
ported in juvenile cod and rockfish (Sebastes schlegeli)
(Björnsson et al., 2012; Hwang et al., 2014). In addition, the
growth curves of juvenile turbot reared at three densities in RAS
fitted by the Schnute model, were consistent with the growth
model in turbot reported by Baer et al. (2011).

Notably, weight heterogeneity (often expressed as the CVw)
has been suggested as an indicator of the social environment
within fish populations, where a higher CVw may be attributed to
increased stocking density and indicate inter-individual compet-
ition within the fish group (Irwin et al. 1999; North et al. 2006;
Rowland et al. 2006). A few species such as piabanha (Brycon in-
signis) (Tolussi et al., 2010), pearl spot (Etroplus suratensis)
(Biswas et al., 2013) and European sea bass (Dicentrarchus lab-
rax) (Di Marco et al., 2008), showed homogeneous CVw in differ-
ent stocking densities. In this study, the results indicated a high-

 

Fig. 3.   Changes in stocking density (a) percentage of covered area (PCA, b), standard length (c) and individual weight (d) of RAS-
cultured juvenile turbot with different experimental treatments. Data are present as mean±SD. A different letter on the same day
indicates significant differences in the three stocking densities (P<0.05).

 

Fig. 4.   The coefficient of variation for weight (CVw) on Days 0,
30, 60, 90 and 120 for each stocking density of RAS-cultured ju-
venile turbot. Data are presented as mean±SD (n=3 duplication
of each density group). A different letter on the same day indic-
ates significant differences in the three stocking densities (LD
represents low density, MD medium density and HD high dens-
ity; P<0.05).

 

Fig. 5.   Relationships between relative growth rate and stocking density (a) and relationships between the feed conversion ratio (FCR)
and stocking density (n=36) (b).
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er CVw in HD treatment at the conclusion of the experiment sug-
gesting that the fish weight in HD treatment varied drastically.
Similar data were also reported in turbot cultured in small exper-
imental RAS (Irwin et al., 1999).

Plasma cortisol levels may be an effective indicator of primary
stress response in fish (Ellis et al., 2012). High stocking density
has been considered as a chronic stressor producing a chronic el-
evation of plasma cortisol (Ellis et al., 2002; Bolasina et al., 2006).
The fish reared under high density presented significantly higher
cortisol levels on Day 120, implying that high density produced a
stress response. This effect has been described in different spe-
cies, including Japanese flounder and Senegalese sole (Bolasina
et al., 2006; Salas-Leiton et al., 2010; Costas et al., 2013). Further,
glucose is an important stress factor, which might be up-regu-
lated with the increase in the cortisol level (van Raaij et al., 1996).
However, the current study showed that glucose level was not af-
fected by stocking density in turbot, which was consistent with
reports in sea bass (Dicentrarchus labrax) and juvenile cod
(Gadus morhua) (Foss et al., 2006; Di Marco et al., 2008). GH has
also been associated with stress (Rodríguez et al., 2000; Mc-
Cormick, 2001). Menezes et al. (2015) observed lower values of
GH expression in silver catfish (Rhamdia quelen) reared at high
density compared with low density. Similar results were dis-
played in our study with lower GH levels in MD and HD groups at

the end of the trial.

5  Conclusions
This study showed that juvenile turbot was efficiently cul-

tured on a commercial scale in RAS. Our findings suggested that
a stocking density up to 11.7 kg/m2 (corresponding to Day 110 in
HD group) was not associated with any negative impact on the
growth of juvenile turbot. However, the growth performance and
the physiological response were adversely affected at a stocking
density of 14.27 kg/m2 (Day 120). Our results provide a reference
standard for the selection of stocking densities of turbot in com-
mercial land-based RAS.

References
Aksungur N, Aksungur M, Akbulut B, et al. 2007. Effects of stocking

density on growth performance, survival and food conversion
ratio of turbot (Psetta maxima) in the net cages on the south-
eastern coast of the Black Sea. Turkish J Fish Aquat Sci, 7(2):
147–152

Aubin J, Papatryphon E, Van der Werf H M G, et al. 2006. Character-
isation of the environmental impact of a turbot (Scophthalmus
maximus) re-circulating production system using Life Cycle As-
sessment. Aquaculture, 261(4): 1259–1268

Baer A, Schulz C, Traulsen I, et al. 2011. Analysing the growth of tur-
bot (Psetta maxima) in a commercial recirculation system with

Table 3.   Physiological parameters of juvenile turbot in 120-d old cultures at different stocking densities in RAS

Parameter Density
Time/d

30 60 90 120

Plasma cortisol/μg·L–1 LD 1.29±0.16 1.26±0.16 1.28±0.08 1.16±0.04a

MD 1.18±0.05 1.20±0.10 1.35±0.14 1.36±0.10a

HD 1.34±0.23 1.37±0.06 1.37±0.17 1.72±0.14b

Plasma GH/μg·L–1 LD 21.6±1.68 18.5±1.33 18.5±1.68 18.3±0.31a

MD 20.2±2.44 17.5±3.05 18.9±2.04 14.9±1.72b

HD 19.9±0.47 16.1±1.55 17.9±2.1 14.4±0.68b

Plasma glucose/mmol·L–1 LD 2.19±0.38 1.20±0.16 2.07±0.11 1.43±0.29

MD 1.99±0.44 1.27±0.16 2.25±0.28 1.40±0.13

HD 2.06±0.17 1.23±0.35 2.0±0.06 1.41±0.11
Plasma Cl–/mmol·L–1 LD 127.8±9.81 120.9±2.89 120.1±3.35 116.5±2.72

MD 120.1±4.21 121.8±4.57 124.8±3.69 115.5±2.58

HD 130.5±2.87 122.8±3.76 116.7±1.35 124.0±5.73
Plasma protein/g·L–1 LD 21.5±1.86 21.5±1.4 23.5±1.52 26.1±3.58

MD 23.5±2.29 22.9±2.07 26.1±0.94 22.4±0.87

HD 23.4±2.99 20.4±0.33 23.1±0.94 22.9±1.17
          Note: Data are expressed as mean±SD (n=3 duplication of each density group). For each column, means on the same day with different
letters as superscripts are significantly different (P<0.05).

 

Fig. 6.   Growth curve representing weight-for-age data in juvenile turbot reared at three different densities (LD represents low density,
MD medium density and HD high density), fitted by the Schnute model (n=240). A sub-sample of 80 randomly selected fish from each
replicate at the three treatment densities.
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